Twist1 is a crucial transcription factor that regulates epithelial mesenchymal transition and involves in metastasis. Recent evidence suggests that Twist1 plays important role in hypoxia-induced radioresistance, but the underlying mechanism remains elusive. Here we investigated the change of Twist1 expression in human cervical squamous cancer cell line SiHa after hypoxia treatment. We also explored the role of Twist1 in radioresistance by manipulating the expression level of Twist1. We observed that hypoxia treatment elevated the expression of Twist1 in SiHa cells. Knockdown of Twist1 with siRNA increased the radiosensitivity of SiHa cells under hypoxia condition, accompanied by reduced levels of nuclear Epidermal Growth Factor Receptor (EGFR) and DNA-dependent protein kinase (DNA-PK). Conversely, overexpression of Twist1 led to increased radioresistance of SiHa cells, which in turn increased nuclear EGFR localization and expression levels of nuclear DNA-PK. Moreover, concomitant high expression of hypoxia-inducible factor-1α (HIF-1α) and Twist1 in primary tumors of cervical cancer patients correlated with the worse prognosis after irradiation treatment. Taken together, these data provide new insights into molecular mechanism underlying hypoxia-induced radioresistance in cervical cancer cells, and suggest that Twist1 is a promising molecular target to improve the efficacy of cancer radiotherapy.
Introduction
Cervical cancer remains to be the fourth most common type of cancer and presents the fourth leading cause of cancer death in women globally. It is estimated that 528,000 new cases of cervical cancer occur and 266,000 deaths are caused by cervical cancer annually around the world [1] . Radiotherapy has been widely applied in women with locally advanced cervical cancer [2] . However, cancer radiosensitivity is determined not only by intrinsic sensitivity of cancer cells but also by tumor microenvironment. Hypoxia, a condition of low oxygen level, has been recognized as a characteristic feature of solid tumors. About 50-60% of locally advanced solid tumors, including cervical cancer, comprise hypoxic region which is often associated with resistance to radiotherapy and poor survival [3] [4] [5] .
Hypoxia-inducible factor 1 (HIF-1) consists of α and β subunits and functions as an essential regulator of molecular response to hypoxia. HIF-1α is induced immediately after a decrease in oxygen tension and
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International Publisher enables tumor cells to endure a hypoxic microenvironment. Accumulating evidences have shown that the overexpression of HIF-1α is responsible for radio-resistance among different types of carcinoma and cancer cell lines [3, 6] . Moreover, the inhibition of HIF-1α expression by short interfering RNA (siRNA) could reverse hypoxia mediated resistance to radiotherapy by cancer cells [7] . However, the molecular mechanisms underlying hypoxia-induced radiation resistance remain elusive.
Twist1 is a basic-helix-loop-helix transcription factor and acts as a key regulator of epithelial-mesenchymal transition (EMT), which promotes tumor invasion and metastasis [8] . Inhibiting the expression of Twist1 could reverse hypoxia-mediated EMT effectively [9, 10] . Furthermore, siRNA mediated Twist1 knockdown enhanced ionizing radiation (IR) induced cell death in non-small-cell lung cancer (NSCLC) cells [11] . These studies imply that Twist1 plays important roles in hypoxia-induced EMT and metastasis. Knockdown of Twist1 may ameliorate hypoxia induced radioresistance. Recent evidence suggests that nuclear EGFR was highly associated with the resistance to radiation [12, 13] . After the exposure to irradiation, EGFR is translocated into the nucleus and forms a complex with DNA-dependent protein kinase DNA-PK [14] , which is composed of catalytic subunit (DNA-PKcs) and Ku heterodimer (Ku70 and Ku80) [15] . In this study, we aimed to investigate the role of Twist1 in the regulation of hypoxia induced radiosensitivity of cervical cancer, and explored the underlying mechanisms. By using human cervical carcinoma cell line SiHa, we demonstrated that Twist1 knockdown could sensitize hypoxic SiHa cells to IR through decreasing the nuclear localization of EGFR and inhibiting DNA-PKcs activation. Moreover, Twist1 overexpression in cervical cancer patients correlated with the worse prognosis after irradiation treatment. Our data suggests that Twist1 is a promising molecular target to improve the efficacy of cancer radiotherapy.
Materials and Methods

Cell culture
Human cervical carcinoma cell line SiHa, and 293T/17 cells were purchased from the American Type Culture Collection (ATCC), and cultured in DMEM (Hyclone, Thermo scientific, USA) supplemented with 10% fetal bovine serum (Gibco, Life Technologies, USA) and 1% penicillin-streptomycin solution (Hyclone, Thermo scientific, USA) at 37ºC in a 5% CO2 incubator. For hypoxia treatment, cells were incubated in a humidified O2 control incubator (5% CO2, 1% O2) for indicated time or cultured with cobalt chloride (CoCl2, Sigma) solution as reported previously [16] .
Colony formation assay
Cells were counted and seeded at colony density in 6-well plates. After incubation with in a humidified O2 control incubator (1% O2 or 19% O2) for 8 h, cells were irradiated with different doses (0-8 Gy) at 25ºC. 4 h after IR, the medium was changed and the cells were cultured for 10 to 14 days to get viable colonies. Cells were stained with 0.1% crystal violet (SCR, Shanghai, China) for 15 min and counted.
Vector construction and lentiviruses infection
The sequences of Twist1-targeting siRNA were as follows: siRNA1: 5'-CCT TCT CGGTCT GGA GGA T-3'; siRNA2: 5'-TGG ACT CCA AGA TGG CAA G-3'; siRNA3:5'-CGC AGT CTT ACG AGG AGC T-3'; and the sequences of mock control siRNA were: 5'-TTC TCC GAA CGT GTC ACG T-3'. Human Twist1 cDNA clone was purchased from GeneTechnology and was amplified by RT-PCR. The pGCL-EGFP (enhanced green fluorescent protein)/pHelper1.0/pHelper2.0 were purchased from GeneTechnology (Shanghai, China). The siRNA sequences and Twist1 cDNA were subcloned into pGCL-EGFP vector.
Lentiviruses were prepared by transfecting the plasmids into 293T cells using Lipofectamine 2000 (Invitrogen, CA, USA) to obtain LV-Twist1-siRNA-1, LV-Twist1-siRNA-2, LV-Twist1-siRNA-3, LV-Twist1+ and LV-Vector. Finally, lentiviruses were harvested from the supernatants of infected 293T cells, and then the virus titer was determinated. Next, the lentiviruses were added to SiHa cells with polybrene (final concentration: 50 μg/ml, Sigma). The efficiency of transduction was observed under a fluorescence microscope 72 h after infection.
Western blot analysis
Cells were harvested with ice-cold PBS and then lysed in RIPA lysis buffer (Beyotime, China) for 40 min on ice. Nuclear extracts were extracted using the commercial kit (NE-PER, Thermo, USA) according to the manufacturer's instructions. The protein lysates were separated by SDS-PAGE and electroblotted onto PVDF membranes (Immobilon). After blocking with 10% fat-free milk at room temperature for 1 h, the membranes were incubated with primary antibodies mouse anti-Twist1 (1:50, ab50887, Abcam), rabbit anti-gamma H2AX (1:1000, ab 11174, Abcam), rabbit anti-H2AX (1:1000, ab 11175, Abcam), mouse anti-HIF-1α (1:250, 610959, BD), rabbit anti-EGFR (1:1000, #4267, Cell Signaling Technology), mouse anti-DNA-PKcs (1:1000, sc-390495, Santa Cruz), mouse anti-Lamin B1 (1:500, 66095-1, Proteintech), mouse anti-GAPDH (1:1000, KM9002, Tianjin Sungene Biotech) or mouse anti-β-actin (1:1000, KM9001, Tianjin Sungene Biotech), and corresponding secondary antibodies (Biosharp). Finally, the blots were detected by Super-Signal West Femto kit (34095, Thermo) and analyzed by Image Lab (Bio-Rad).
Confocal microscopy
SiHa/Twist1-siRNA, SiHa/Twist1+ and negative control cells were plated onto glass coverslips. After 24 h cell culture, the cells were irradiated with single dose 5 Gy after 8-h preincubation under hypoxia or normoxia. The coverslips were fixed in 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100 for 15 min and blocked with 0.5% BSA for 1 h at room temperature. Next, the coverslips were incubated with primary antibodies against Twist1 (1:50, ab50887, Abcam) or EGFR (1:50, #4267, Cell Signaling Technology) at 4ºC overnight and then washed and incubated with Alexa Fluor 568 (1:50, Goat anti-mouse) or Alexa Fluor 647 (1:50, Goat anti-rabbit). Finally, cell nuclei were stained with 4', 6-diamidino-2-phenylindole (DAPI, Boster). The coverslips were examined under confocal laser scanning microscope.
Immunohistochemistry analysis
The immunostaining assay was conducted on tumor samples which were fixed in 10% neutral formalin solution immediately after dissection and embedded in paraffin. Then sections were cut into fragments of 6 um, deparaffinized and hydrated. Tissues on slides were permeabilized by 0.5% Triton X-100 and incubated overnight at 4ºC with primary antibodies Twist1 and HIF-1α, respectively. The slides were washed by PBS for 5 times and incubated with 1:200 dilution of secondary biotinylated antibody for 2 hours at room temperature. All slides were developed using horseradish peroxidase-streptavidin (Santa Cruz Biotechnology, CA, USA). Images were obtained by microscope and signal densities were measured and analyzed using the Image-Pro Plus Software (vs.4) program (Media Cybernetics).
Comet assay
DNA damage was assessed by a single-cell gel electrophoresis assay using a Comet Assay Kit (Trevigen, 4250-050-K) according to the manufacturer's protocol. Briefly, cells were harvested at the indicated times after 6 Gy irradiation, mixed with low-melting-point agarose and plated on the Comet Slide. Cells on the slides were lysed for 30 min at 4°C, subjected to electrophoresis at 21 V for 30 min under alkaline conditions, and then neutralized and stained with SYBR Green. The presence of comet tails was examined with a Zeiss Axio Observer Z1 fluorescence microscope. Tail moment was calculated as previously described.
Statistical analysis
Each experiment was repeated at least in triplicate. The data were presented as mean ± S.E.M and analyzed by SPSS 17.0 software. T-test was used to compare the difference between different groups. P value <0.05 was considered significant.
Results
Twist1 confers radioresistance on cervical cancer cells
To investigate whether Twist1 regulates the radiosensitivity of cervical squamous cancer cells, we constructed lentiviruses for overexpression or knockdown of Twist1 in SiHa cells and performed clonogenic formation assay. Since the viruses constitutively expressed green fluorescent protein (EGFP), the transduction efficiency was determined to be above 90% based on fluorescent microscopy (Fig.  1A) . The cells were named SiHa/Twist1+ (for Twist1 overexpression), SiHa/Twist1-siRNA-1, SiHa/ Twist1-siRNA-2, SiHa/Twist1-siRNA-3 (for Twist1 knockdown), and negative control cells. At least 85% of Twist1 protein level was knockdown in SiHa/Twist1-siRNA-2 cells, which showed the strongest inhibition of Twist1 expression in three cell lines infected with Twist1-siRNA-lentivirus (Fig. 1B) . The expression of Twist1 in SiHa/Twist1+ cells showed two more times compared with the control (Fig. 1C) . The cell lines named Twist1-for 'SiHa/Twist1-siRNA-2' and Twist1+ for 'SiHa/Twist1+' were used in the following experiments. We found that clonogenic survival of Twist1-cells was significantly suppressed upon radiation, while Twist1+ cells exhibited higher resistance to irradiation when compared with negative control cells ( Fig. 1D and 1E ). These results demonstrate that Twist1 expression level is negatively correlated with the radiosensitivity of SiHa cells.
Twist1 is upregulated in hypoxic cancer cells and promotes radioresistance
Hypoxia, a solid tumor-specific feature in clinic, is considered as a pivotal factor for tumor radioresistance. Previous study already indicated hypoxia could enhance the Twist1 expression. We then determine whether Twist1 is indeed upregulated in hypoxic tumor cells. We employed hypoxia to treat SiHa cells and detect the express levels of Twist1. Cells were cultured under 1% oxygen concentrations for different time course (0, 4h, 8h, 12h, 24h and 48h) or incubated with hypoxia-mimetic agent CoCl2 (100mM) for 8 hours. After incubation with hypoxia or hypoxia-mimetic agent CoCl2, HIF-1α expression was induced. Meanwhile, SiHa cells exhibited a significant increase in Twist1 and the protein level reached the peak at 8h after treatment ( Fig. 2A and  2B) .
To further investigate the role of Twist1 on hypoxia-induced radioresistance, we also examined vector, Twist1-/ Twist1+ cells survival by irradiation under hypoxia or normoxia. Cells were incubated under normoxia or hypoxia for 8 h, and then exposed to irradiation. After 72 h, cell clonogenic survival assay was conducted. Indeed, our results indicated that hypoxia increased cell radioresistance, and this effect could be significantly reversed by down-regulation of Twist1 (Fig. 2C) . Furthermore, Twist1-depletion did not affect HIF-1α expression (Fig. 2D) . Taken together, it is rational that Twist1 may plays a causal role in hypoxia-induced radioresistance in cervical cancer cells.
Twist1 enhanced DNA damage repair
We then addressed the mechanism that Twist1 promotes hypoxia induced radioresistance. After 6Gy radiation treatment, γH2AX foci was detected by immunofluorescence and western blot. Compared with control SiHa cells, γH2AX foci persisted much longer in Twist1-cells after irradiation (Fig. 3A and  B) . Reversely, we hardly observed persistence of γH2AX foci in Twist1+ cells. Our data indicated that Twist1 expression was contributed to DNA lesions repair. To directly evaluate DNA damage, we performed DNA comet assay to detect double-strand DNA breaks. At 2h after ionizing radiation treatment, Twist1-cells exhibited about 2.5-fold increase in the Oliver comet tail moment compared with the control cells ( Fig. 3C and D) . Oppositely, our data also show that Twist1+ cells decreased comet tail moment by 30%. Collectively, our results demonstrated that Twist1 is required for homologous recombination mediated DNA damage repair and the elimination of DNA breaks. 
Twist1 regulates nuclear EGFR localization and its downstream DNA-PK activation
Nuclear EGFR localization and its downstream DNA-PK activation trigger DNA double-strand breaks (DSB) repair. To explore the mechanism underlying Twist1 mediated radioresistance, we examined EGFR in the nuclear fraction and DNA-PKcs. Western blot analysis showed that after exposure to radiation under hypoxia, the amount of nuclear EGFR in Twist1-cells was obviously lower than that in negative control cells. Correspondingly, the expression of nuclear DNA-PKcs was changed along with the nuclear EGFR (Fig. 4A) . In contrast, increased levels of nuclear EGFR and DNA-PKcs were detected in Twist1+ cells exposed to radiation (Fig.  4B) . Under normoxia, the same changes of nuclear EGFR and DNA-PKcs were also observed in Twist1-and Twist1+ cells.
Moreover, we investigated the distribution of EGFR upon irradiation under hypoxic stress by confocal microscopy. As shown in Fig. 4C , hypoxia alone increased nuclear EGFR level, and the combination of radiation and hypoxia had minimal additional effect to increase nuclear EGFR level. In addition, hypoxia induced nuclear localization of EGFR was inhibited by Twist1 knockdown but enhanced by Twist1 overexpression (Fig. 4C and D) .
Collectively, these results demonstrate that Twist1 could increase nuclear EGFR localization and nuclear DNA-PKcs expression, which may mediate the hypoxia-induced radioresistance of cervical cancer cells.
Twist1 correlates with HIF-1α protein levels and poor clinical outcome in human cervical cancer
To validate the association between hypoxia and Twist1 expression in cervical cancer patients, we performed tissue-microarray immunohistochemical analysis of HIF-1α and Twist1 expression in 110 sets of human cervical cancer samples. As shown in Fig.  5A , the correlation between Twist1 and HIF-1α was significantly positive (R=0.41, p<0.01 ). There were 77.4% (48 of 62) of the tumors with high HIF-1α expression exhibited high Twist1 expression, and 52.1% (25 of 48) of the tumors with low HIF-1α expression showed low Twist1 expression (Fig. 5B) .
In clinic, local recurrence after radiotherapy in cervical cancer patients is likely due to tumor radioresistance. To evaluate the clinical prognostic significance of the expression profile of HIF-1α and Twist1, Kaplan-Meier local relapse-free curves were generated and the log-rank test was used to test for significant differences between the groups. The results showed that overexpression of Twist1 correlated with the shorter local relapse-free period (Fig. 5C) . Collectively, these data suggest that up-regulation of Twist1 by hypoxia may contribute to radioresistance and promoting local relapse after irradiation.
Discussion
Hypoxia has been shown to promote EMT and tumor invasion [17] . Twist1 is a master regulator of EMT and has been implicated in chemoresistance [18] . A recent study showed that silencing Twist1 could enhance IR-induced cell death in NSCLC H1299 and H460 cells [11] . In addition, the analysis of Twist1 expression in cervical cancer patients undergoing post-operative radiotherapy suggested that Twist1 expression level is related to the radiosensitivity and poor prognosis of squamous cell carcinomas, but not in adenocarcinoma [19] . However, the molecular mechanism by which Twist1 regulates radioresistance needs to be elucidated. Given that hypoxia could induce the expression of Twist1 and promote EMT and metastasis of tumor [9, 20, 21] , we hypothesized that Twist1 might be involved in hypoxia-induced radioresistance. Understanding the role of Twist1 in radioresistance particularly in hypoxia condition would benefit the improvement of the efficacy of radiation for cancer treatment. The present study utilized SiHa cervical carcinoma cell line, which was described as a squamous carcinoma cell line [22] and exhibited medium level of Twist1 expression among four cervical cell lines (data not shown). Previous study indicated that HIF-1α could bind directly to the hypoxia-response element (HRE) in Twist1 promoter to enhance Twist1 expression [9] . We observed that HIF-1α expression was induced under hypoxia condition in SiHa cells and the expression of Twist1 was also increased in SiHa cells exposed to hypoxia. The phenomena that hypoxia could upregulate the expression of Twist1 suggest that it would be meaningful to explore the role of Twist1 in radiation sensitivity in hypoxic cells. By manipulating Twist1 expression, we observed that knockdown of Twist1 could significantly facilitate the radiosensitivity of SiHa cells both in normoxia and hypoxia conditions. On the contrary, overexpression of Twist1 could reduce the radiosensitivity of SiHa cells. To the best of our knowledge, this was the first study to explore the role of Twist1 in radioresistance in hypoxia condition. Additionally, we found that SiHa cells upon ionizing irradiation exhibited a minimal increase in Twist1 expression and the peak level was at 24 h after IR with 5 Gy (Data not shown), very similar to previous report in endometrial carcinoma HEC1A cells [23] .
Seo et al. reported that knockdown of Twist1 could promoted IR-induced apoptosis in NSCLC cells [11] , which may explain how Twist1 contributes to radioresistance in cancer cells. DNA repair pathway which involves IR-induced EGFR up-regulation and subsequent activation of DNA-PKcs is another important mechanism to regulate radiosensitivity [24] . Emerging evidence demonstrated that nuclear EGFR not only contributed to cancer progression, but also enhanced chemo-and radio-resistance [12, 25, 26] . Upon shuttling into the nucleus, nuclear EGFR can function as a co-transcription factor for a series of oncogenes and phosphorylate proliferating cell nuclear antigen (PCNA) to accelerate cellular proliferation [27] [28] [29] . Notably, nuclear localized EGFR, forming a complex with DNA-PK, triggers DNA repair and results in radiation resistance [30] . Therefore, we investigated whether the interference of Twist1 expression could affect nuclear EGFR localization and associated DNA-PK expression in SiHa cells under normoxia and hypoxia condition. We observed that silencing Twist1 decreased nuclear localization of EGFR and DNA-PKcs level in irradiated cells compared to control cells, while nuclear localization of EGFR and DNA-PKcs level increased in Twist1-overexpressing SiHa cells. Confocal microscopy further confirmed that Twist1 knockdown significantly inhibited hypoxia induced nuclear localization of EGFR while Twist1 overexpression significantly promoted hypoxia induced nuclear localization of EGFR. Taken together, these results suggest that Twist1 is responsible for the nuclear translocation of EGFR under hypoxia condition, and increased nuclear levels of EGFR then mediated the radioresistance of cervical cancer cells. However, the mechanism by which Twist1 modulates the nuclear localization of EGFR needs to be further studied.
In conclusion, for the first time we report the close associations between hypoxia and Twist1 level, nuclear location of EGFR and nuclear level of DNA-PKcs in cancer cells. Hypoxia upregulates Twist1 expression, which in turn contributes to hypoxia-induced radioresistance. Knockdown of Twist1 remarkably enhances radiosensitivity of cancer cells, accompanied by diminished nuclear stabilization of EGFR and decreased nuclear levels of DNA-PK. Our data provide new insights into molecular mechanism underlying hypoxia-induced radioresistance in cervical cancer cells, and suggest that Twist1 is a promising molecular target to reverse cancer radioresistance especially in hypoxia condition.
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